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Abstract—With the recent developments in the unmanned
aerial vehicles (UAV), it is expected them to interact and collab-
orate with their surrounding objects, other robots and people in
order to wisely plan and execute particular tasks. Although these
interaction operations are inherently challenging as compared to
free-flight missions, they might bring diverse advantages. One of
them is their basic aerodynamic interaction during the flight
in close proximities which can result in a reduction of the
controller effort. In this study, by collecting real-time data, we
have observed that the current drawn by the battery can be
decreased while flying very close to the surroundings with the
help of the ceiling effect. For the first time, this phenomenon
is analyzed in terms of battery lifetime degradation by using a
simple full equivalent cycle counting method. Results show that
cycling related effect on battery degradation can be reduced by
a 15.77% if the UAV can utilize ceiling effect.
Index Terms—UAV, model predictive control, battery lifetime,
energy efficiency, ceiling effect, ground effect, interaction control,
longer flight time.
I. INTRODUCTION
With the developments in the sensors [1], computational
tools [2], and hardware technology [3], the control of the
UAV in free-flight became a mature subject. Nowadays, the
expectation of the UAV flight pushes the operation limits
towards interaction with its environment, where the UAV
collaborates with people, different robots and surrounding
objects [4]–[6]. It is explored that the thrust characteristics of
the UAV change when it interacts with an object, particularly
in close proximities [7]–[9].
The ceiling effect, known as altered rotor characteristics
while the UAV flies very close to the ceiling, is investigated
in [10] where the system is identified for certain points below
the ceiling. It has been seen that since the rotor speed and the
thrust efficiency increase at the same time while the system
operates within 10 centimeters below the ceiling, the UAV
consumes less energy to stay and the locomote by leveraging
the ceiling effect.
The capacity of the batteries is one of the main bottlenecks
of the UAV operations, which poses an obstacle to achieving
longer flight times. In order to extend the flight time, it is
possible to decrease weights on the structure and/or replace the
motors with the higher power-to-weight ratio ones. However,
these solutions are trivial and do not promote any technological
breakthroughs. Therefore, there is a need for operational
planning considering algorithmic and/or aerodynamic aspects
which can also pave the way for exploration of control
methods that leverage advanced hybrid storage system which
has high energy and high power densities at the same time.
Although hybrid storage technology is more mature in the
ground vehicles [11], there are also some initial studies for
the aerial systems such as the work in [12] on the usage of
hydrogen fuel cells on UAVs.
In order to extend overall flight time for the UAVs, an opti-
mal route can be generated [13] by considering minimum en-
ergy consumption by the motors. This study is further extended
in [14] for a tilting propeller system. A similar approach is
proposed in [15], [16] without considering the physical motor
parameters. Except for the efficient path planning approaches,
one of the techniques is to consider a physical modification
to exclude the exhausted battery modules to reduce the total
weight [17]. In order to extend the total mission time, it is
also possible to use the power over tether concept for the
UAV [18]. Similarly, use of wireless power transfer system
to minimize downtime for recharging is also implemented in
[19], [20]. Moreover, some studies consider the estimation of
the endurance when planning the path [21], [22]. Although the
literature appears to contain some work for increasing flight
range by using less energy from the battery, none of the studies
try to increase efficient use of battery nor analyze the effect
of their algorithm on the battery degradation.
As being different from the previous studies, a battery
lifetime analysis is proposed by exploiting the efficient flight
in close proximities, i.e., under the ceiling effect. For the
first time, we present the battery analysis for the lifelong
operation of the UAV. Since there is a need to frequently
charge and discharge the UAV battery, the cycling effect, as
well as the depth of discharge, are considered. By collecting
the online battery state during the flight, the battery longevity
has been analyzed by taking the cycling effect into account.
Additionally, the increase on the flight time is also discussed.
This paper is organized as follows: The ceiling effect in
close proximities is presented in Section II. The considered
battery lifetime model for the UAVs is introduced in Section
III. The test scenario of the aging for the UAV batteries
and numerical investigations are introduced and discussed in
Section IV. Finally, conclusions including future works are
drawn in Section V.
II. CEILING EFFECT
While the UAV flies in close proximities under the sur-
rounding environment, the flow at the top the UAV increases
the rotor wake. Similar to the vacuum effect, this phenomenon
pushes the UAV upward. In addition, there is a significant
increase in the rotor speed and the thrust efficiency at the same
time. This effect is illustrated in Fig. 2 and 3. By keeping
the throttle command constant, it is observed that the rotor
speed increases while the gap between the rotor and ceiling
decreases. At the same time, the thrust efficiency increases
while the rotor approaches the ceiling. Without a proper
control strategy, the system might crash during these instants.
Fortunately, we have developed a control strategy consisting
of force estimation and nonlinear model predictive controller.
This scheme handles this complex interaction to conduct the
predefined operation for the UAV. The block diagram may be
seen in Fig. 1. This challenging phase reduces the energy spent
for the UAV to stay and/or locomote under the ceiling effect.
III. BATTERY LIFETIME ANALYSIS
After implementing the developed force feedback control
algorithm, UAV was able to fly very close to the ceiling that
is enough to see a considerable ceiling effect. Although our
aim was to design a controller which can help UAV to fly
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Fig. 2. UAV rotor speed characteristics in close proximities [10]
under strong disturbances; we have observed that ceiling effect
can be utilized by the UAV to reduce control effort. In these
experiments, the current drawn from the battery is reduced
from the range of 9.5 A to 8 A range in the vicinity of
the ceiling. Therefore, by considering the positive effect of
decreasing current on the battery; we have conducted a simple
battery-life analysis. According to [23], degradation in battery
life, ∆SOH, can be written in the superposition of two aging
factors as calendar and cycle aging. Since we do not have
a reliable battery aging model for Li-Polymer (LiPo) battery
used in our UAV, it is assumed that batteries used UAVs are
exposed to frequent charging and discharging. This assumption
makes the cycling effect dominant. Therefore; calendar aging
effects which mostly depend on the state of charge (SOC),
temperature and time [24], [25] can be neglected. Although
there are different effects on the cycle aging, we would
like to relate our cycle aging with the number of times the
battery has been cycled. Consequently, we assume that our
battery degradation will be proportional to the number of full
equivalent cycles (FEC) as given in Eq. (1).
∆SOH ∝ FEC, (1)
where a unit FEC is defined by fully charging and discharging
the battery. It is updated at battery mode changes such as
transitions between charge, discharge or idle. To explain
calculation methodology, let us say that our mode starts at
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Fig. 3. UAV thrust characteristics in close proximities [10]
Fig. 1. UAV interaction scheme: estimation and control structure
time t1 and ends at t2. Then, the mean C-rate in this interval
is given by (2) and (3).
Cr =
1
t2− t1
∫ t2
t1
Cr(t)dt, (2)
Cr(t) =
|i(t)|
Cnom
, (3)
where Cr and i(t) are average C-rate and current drawn from
battery at time t. Cnom denotes the nominal capacity of battery
in [Ah]. Then, the change in FEC can be given by (4) and
FEC and t2 can be written as in (5),
∆FEC =
1
2
·Cr · (t2− t1), (4)
FEC(t2) = FEC(t1)+∆FEC, (5)
or equivalently in (6),
FEC(t) =
1
2 ·Cnom
∫ t
0
|i(t)|dt. (6)
Although it does not make any difference in our case,
discrete update equation given in (5) is used aging calculations
due to non-linear relation between aging and influence factors.
Therefore, we prefer using (5) to create a base for the potential
extensions in the future. Lastly, SOC is given by (7),
SOC(t) =
∫ t
0
i(t)
Cnom ·SOH(t)
dt. (7)
Since we do not have the exact aging information; it is
assumed that the state of health, SOH, in (7) is constant at
1. Therefore, SOC equation becomes (8),
SOC(t) =
∫ t
0
i(t)
Cnom
dt. (8)
IV. TEST FOR BATTERY AGING
After introducing the methodology, we would like to create
a test scenario to analyze the battery longevity. Let us say
that we have an inspection mission in which the UAV does 15
flights with the endurance time of 20 minutes in each mission.
During all operations, it starts from 95% SOC, flies over 20
minutes, stays idle for 5 minutes then it is charged back to
95% SOC in 20 minutes of time. This mission is repeated 15
times a day and then the UAV is unused until the next day.
Self-discharge is neglected between days. When we apply this
pattern to both cases with ceiling effect and without the effect,
one-day load profile is given in Fig. 4.
It may be seen in Fig. 4 that there is a load curve repeated
15 times for each mission then UAV is switched off. To see the
curve clearly, we may zoom into one mission given in Fig. 5.
Here it is seen that for the first 20 minutes, the UAV is flying
and the battery is discharging. Then it rests for 5 minutes
between 20th and 25th minutes. Then, it is charged for 20
minutes or until it reaches the necessary SOC. It should be
noted that in the ceiling effect case, the battery is discharged
with 8 A instead of 9.5 A as in the other case. Therefore, it
loses less charge and it takes less time for it to charge back
again. Although we use a charging current of 10.4 A (or 2C
of C-rate), it finishes charging at 40.5 minutes while it takes
until 43.5 minutes without ceiling effect, causing 3 minutes
of difference. One major advantage of this situation would be
increasing flight durations. Then we can see its effect on SOC
in Fig. 6.
In Fig. 6, two missions are shown and it can be seen that
SOC drops down to 43.7% in one case and 34.1% in the other
case. Then it is increased to 95% in both cases. When both
cases are used for the same duration of the flight, ceiling effect
causes less depth of discharge and can prolong battery life.
Lastly, we would like to look at FEC since they directly
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Fig. 4. UAV load profile for one mission
0 10 20 30 40
Time [minutes]
-10
-5
0
5
10
B
at
te
ry
 C
ur
re
nt
 [A
]
w/o ceiling effect
with ceiling effect
Fig. 5. UAV daily load profile
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Fig. 6. SOC change during two missions of UAV
affect battery life. When we look at the Fig. 7, we see that
the number of cycles we do in different cases diverge. After
a month, we cycle our battery 274 times without the ceiling
effect whereas it is only 230 when we utilize the ceiling effect.
With the help of force feedback, we reduce cycling effect
15.77%. Since the battery degradation is directly affected
by the cycling effect, we may say that degradation is also
decreased in proportion to the FEC. In Fig. 8, we zoom into
the FEC figure and see that FEC is updated discretely. Since
we did not include the aging effect, the decrease from 9.14 to
7.7 is very close to the decrease of 30 days.
V. CONCLUSION AND FUTURE WORK
In this study, we have analyzed the effect of two different
cases on the flight time and the battery longevity: (i) without
ceiling effect; (ii) with ceiling effect. In the first case, the UAV
needs to spend more energy which resulted in less endurance
and the shorter lifetime of the battery. In the second case,
the aerodynamic forces contribute the flight and the system
spent less energy. In this case, the cycling effect is reduced
by 15.77%. At the same time, this causes the decrease in
depth of discharge which also contributes the battery longevity
although its effect is not calculated. Furthermore, the total
operation time can be higher also when the system exploits
the aerodynamic forces with the help of the ceiling effect.
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Fig. 7. Battery full equivalent cycle in a month
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Fig. 8. UAV load profile in hours
Since this study explores the reduction of the controller
effort and its effect on the battery life of the UAV with
assumptions, the following items can be considered in future
studies:
• Instead of assuming a constant load current, a better flight
profile that considers different modes from taking off to
the landing can be utilized within the analysis.
• A detailed aging model for the LiPo batteries can be used
for the analysis to increase the accuracy. Having an aging
model might also lead to an aging-aware controller de-
sign for the aerial missions, whereas aging-aware design
concept is adopted by some power system related studies
such as [26], [27].
• Using a complete aging model also helps us to accurately
calculate capacity degradation along with the state of
health. Hence, capacity fade can be also accounted for
a better estimation as in [28]. This would also allow us
to build more resilient path planning algorithms.
• For the experimental work, current values for different
set of missions can be validated on the real batteries.
• There is a need to release benchmark path profiles for a
precise analysis for the battery.
• The same analysis can be conducted for the ground effect.
ACKNOWLEDGEMENT
The authors wish to thank for conducting the research work
with support from the Energy Research Institute @ NTU
(ERI@N) as well as the SINGA research scholarship.
REFERENCES
[1] B. B. Koc¸er, V. E. O¨mu¨rlu¨, E. Akdog˘an, and C. S. Tu¨fekc¸i, “De-
velopment of a mems-based imu unit,” in Recent Advances in Space
Technologies (RAST), 2013 6th International Conference on. IEEE,
2013, pp. 389–393.
[2] B. Houska, H. J. Ferreau, and M. Diehl, “Acado toolkitan open-source
framework for automatic control and dynamic optimization,” Optimal
Control Applications and Methods, vol. 32, no. 3, pp. 298–312, 2011.
[3] F. Ruggiero, V. Lippiello, and A. Ollero, “Aerial manipulation: A
literature review,” IEEE Robotics and Automation Letters, vol. 3, no. 3,
pp. 1957–1964, 2018.
[4] B. B. Kocer, T. Tjahjowidodo, and G. G. L. Seet, “Constrained
estimation-based nonlinear model predictive control for uav-elastic tool
interaction,” in Advanced Intelligent Mechatronics (AIM), 2018 IEEE
International Conference on. IEEE, 2018.
[5] B. B. Kocer, G. G. L. Seet, and T. Tjahjowidodo, “Nonlinear predictive
uav-elastic tool interaction control in real-time,” in Advanced Intelligent
Mechatronics (AIM), 2018 IEEE International Conference on. IEEE,
2018.
[6] B. B. Kocer, T. Tjahjowidodo, and G. G. L. Seet, “Uav push recovery
operation by symmetrical control and estimation in receding horizon,”
in 2018 15th International Conference on Control Automation Robotics
Vision (ICARCV), Nov 2018, pp. –.
[7] Y. H. Hsiao and P. Chirarattananon, “Ceiling effects for surface loco-
motion of small rotorcraft,” in 2018 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS), 2018.
[8] S. A. Conyers, M. J. Rutherford, and K. P. Valavanis, “An empirical
evaluation of ceiling effect for small-scale rotorcraft,” in 2018 Inter-
national Conference on Unmanned Aircraft Systems (ICUAS). IEEE,
2018, pp. 243–249.
[9] ——, “An empirical evaluation of ground effect for small-scale ro-
torcraft,” in 2018 IEEE International Conference on Robotics and
Automation (ICRA). IEEE, 2018, pp. 1244–1250.
[10] B. B. Kocer, T. Tjahjowidodo, and G. G. L. Seet, “Centralized predictive
ceiling interaction control of quadrotor vtol uav,” Aerospace Science and
Technology, vol. 76, pp. 455 – 465, 2018.
[11] S. D. V. R. Vadlamudi, V. Kumtepeli, S. Ozcira, and A. Tripathi, “Hybrid
energy storage power allocation and motor control for electric forklifts,”
in Energy, Power and Transportation Electrification (ACEPT), Asian
Conference on. IEEE, 2016, pp. 1–5.
[12] D. J. Edwards, “Integrating hydrogen fuel cell propulsion and au-
tonomous soaring techniques,” in 2018 AIAA Guidance, Navigation, and
Control Conference, 2018, p. 1853.
[13] F. Morbidi, R. Cano, and D. Lara, “Minimum-energy path generation
for a quadrotor uav,” in Robotics and Automation (ICRA), 2016 IEEE
International Conference on. IEEE, 2016, pp. 1492–1498.
[14] F. Morbidi, D. Bicego, M. Ryll, and A. Franchi, “Energy-efficient
trajectory generation for a hexarotor with dual-tilting propellers,” in
IEEE/RSJ International Conference on Intelligent Robots and Systems,
2018, pp. 6226–6232.
[15] K. Vicencio, T. Korras, K. A. Bordignon, and I. Gentilini, “Energy-
optimal path planning for six-rotors on multi-target missions,” in In-
telligent Robots and Systems (IROS), 2015 IEEE/RSJ International
Conference on. IEEE, 2015, pp. 2481–2487.
[16] D. C. Gandolfo, L. R. Salinas, A. Branda˜o, and J. M. Toibero, “Sta-
ble path-following control for a quadrotor helicopter considering en-
ergy consumption,” IEEE Transactions on Control Systems Technology,
vol. 25, no. 4, pp. 1423–1430, 2017.
[17] T. Chang and H. Yu, “Improving electric powered uavs endurance by
incorporating battery dumping concept,” Procedia Engineering, vol. 99,
pp. 168–179, 2015.
[18] M. M. Nicotra, R. Naldi, and E. Garone, “Nonlinear control of a tethered
uav: The taut cable case,” Automatica, vol. 78, pp. 174–184, 2017.
[19] A. B. Junaid, Y. Lee, and Y. Kim, “Design and implementation of
autonomous wireless charging station for rotary-wing uavs,” Aerospace
Science and Technology, vol. 54, pp. 253–266, 2016.
[20] G. M. Plaizier, E. Andersen, B. Truong, X. He, S. Roundy, and K. K.
Leang, “Design, modeling, and analysis of inductive resonant coupling
wireless power transfer for micro aerial vehicles (mavs),” in 2018 IEEE
International Conference on Robotics and Automation (ICRA). IEEE,
2018, pp. 1–6.
[21] A. Abdilla, A. Richards, and S. Burrow, “Power and endurance mod-
elling of battery-powered rotorcraft,” in Intelligent Robots and Systems
(IROS), 2015 IEEE/RSJ International Conference on. IEEE, 2015, pp.
675–680.
[22] M. Gatti, F. Giulietti, and M. Turci, “Maximum endurance for battery-
powered rotary-wing aircraft,” Aerospace Science and Technology,
vol. 45, pp. 174–179, 2015.
[23] J. Schmalstieg, S. Ka¨bitz, M. Ecker, and D. U. Sauer, “A holistic aging
model for li (nimnco) o2 based 18650 lithium-ion batteries,” Journal of
Power Sources, vol. 257, pp. 325–334, 2014.
[24] M. Ecker, J. B. Gerschler, J. Vogel, S. Ka¨bitz, F. Hust, P. Dechent, and
D. U. Sauer, “Development of a lifetime prediction model for lithium-
ion batteries based on extended accelerated aging test data,” Journal of
Power Sources, vol. 215, pp. 248–257, 2012.
[25] M. Broussely, S. Herreyre, P. Biensan, P. Kasztejna, K. Nechev, and
R. Staniewicz, “Aging mechanism in li ion cells and calendar life
predictions,” Journal of Power Sources, vol. 97, pp. 13–21, 2001.
[26] V. Kumtepeli, Y. Zhao, M. Naumann, A. Tripathi, Y. Wang, A. Jossen,
and H. C. Hesse, “Design and analysis of an aging-aware energy-
management system for islanded grids usingmixed-integer quadratic
programming,” International Journal of Energy Research, pp. 1–18,
2019.
[27] C. Goebel, H. Hesse, M. Schimpe, A. Jossen, and H. A. Jacobsen,
“Model-based dispatch strategies for lithium-ion battery energy storage
applied to pay-as-bid markets for secondary reserve,” IEEE Transactions
on Power Systems, vol. 32, no. 4, pp. 2724–2734, July 2017.
[28] H. C. Hesse, R. Martins, P. Musilek, M. Naumann, C. N. Truong, and
A. Jossen, “Economic optimization of component sizing for residential
battery storage systems,” Energies, vol. 10, no. 7, p. 835, 2017.
